ABSTRACT Background: Identifying adults at increased risk of cardiovascular disease (CVD) on the basis of childhood body mass index (BMI) could be informative for disease prevention but depends on the utility of childhood BMI cutoffs.
INTRODUCTION
Obese children are known to be more likely to become obese adults than are nonobese children (1, 2) . In turn, the health consequences of adult obesity include an increased risk of developing chronic disease, such as cardiovascular disease (CVD), type 2 diabetes, and certain cancers (3) (4) (5) (6) . Prevention of such health consequences is therefore a priority and raises the issue as to whether those with a high risk of adult disease can be identified on the basis of their body mass index (BMI) in childhood. Considerable gaps concerning the knowledge of the links between childhood obesity and future health outcomes still exist.
Cutoffs for childhood BMI become crucial for identifying children with an increased health risk as adults, but to date there has been only limited evaluation of the available BMI reference standards for children.
The widely used age-and sex-specific International Obesity Task Force (IOTF) cutoffs (7) correspond with the percentile curves for adult health-related BMI (in kg/m 2 ) cutoffs of 25 and 30 for overweight and obesity, respectively, at age 18 y used by the World Health Organization (8) . Although adult cutoffs correlate with markers of obesity-related diseases, IOTF cutoffs for child overweight or obesity were not directly linked to later health outcomes. How well the IOTF cutoffs predict children at risk of adult disease has been neglected; only a few studies (9, 10) have examined the long-term outcomes in population-based studies. In addition, it has been reported that childhood BMI gains around puberty predicts obesity in early adulthood (11) , but less is known about how well BMI gains during different periods of childhood predict adult obesity-related disease.
We used data from the 1958 British birth cohort to investigate the predictive utility of BMI status and BMI increases during different periods in childhood for adult CVD risk factors. Our main aims were to 1) evaluate how well the IOTF cutoffs for BMI at different childhood ages predict adult CVD risk factors at age 45 y, 2) establish whether population-specific internally derived cutoffs provide better predictions than do IOTF cutoffs, and 3) determine whether there are particular ages when BMI better predicts adult outcomes. Our secondary aim was to establish whether growth of BMI between childhood ages was a better predictor of adult outcomes than was BMI at a single age.
SUBJECTS AND METHODS

Study sample
The 1958 cohort consists of all births in England, Wales, and Scotland in 1 wk in March 1958 (12) . Approximately 17,000 live births were followed-up at ages 7, 11, 16, 23, 33, 42, 45 , and 50 y (13) . Immigrants to Britain born during the week were incorporated into the childhood follow-ups (n = 920). At age 45 y, 11,971 cohort members (including 467 immigrants) still living in Britain and in contact with the survey were invited to undergo a medical assessment by a trained nurse. Information was collected on 9377 (78%) respondents (13) . The cohort followed up to adulthood was found to be representative of the original birth sample in most respects, although individuals who were most disadvantaged tended to be slightly underrepresented (14) . We used information collected on cohort members at ages 7, 11, 16, and 45 y. Compared with the original sample, participants remaining in the medical survey at age 45 y had a similar mean BMI at each age of follow-up in childhood. All participants gave written consent. Ethical approval for data collection at 45 y was given by the South East England Multi-Centre Research Ethics Committee.
Childhood anthropometric measures
The height and weight of each cohort member were measured by medical personnel using standard protocols at ages 7, 11, and 16 y. BMI was derived as weight (in kg)/height 2 (in m) at each age. Measurements were not taken at the same predetermined ages for all individuals. In childhood, mean ages at the time of measurement were 7.4 y (range: 7.1-8.5 y), 11.5 y (10.9-13.3 y), and 15.9 y (14.8-17.0 y). We centered BMI for children measured outside of the ranges 7.25-7.75, 11.25-11.75, and 15.75-16.25 y at 7.5, 11.5, and 16 y, respectively, using estimates from regression models assuming a linear trend over these short growth periods. Overweight and obesity in childhood were derived by using age-and sex-specific IOTF cutoffs (7) . Study specific cutoffs were also derived for each adult risk factor to identify high risk of adult disease (see Statistical analysis).
Adult CVD risk factors
All measurements of CVD risk factors were taken at age 45y by nurses using standardized protocols. Blood pressure (BP) was measured 3 times using an Omron 705CP automated digital oscillometric sphygmomanometer (Omron, Tokyo, Japan) after the participant had been seated for 5 min. The circumference at the mid-point of the upper arm was measured and a normal cuff was used for circumference ,32 cm; otherwise a large cuff was used. The means of 3 systolic BP (SBP) and diastolic BP (DBP) measurements were calculated.
Nonfasting venous blood samples were collected and analyzed for total and HDL-cholesterol and triglyceride concentrations by using an autoanalyzer (Olympus AU640; Tokyo, Japan) with enzymatic methods. A sample was rerun when the total cholesterol concentration was .18 mmol/L, the HDL cholesterol concentration was .4.65 mmol/L, or the triglyceride concentration was .11.46 mmol/L. LDL cholesterol was calculated by using the Friedewald formula (15) 
Statistical analysis
We applied receiver operating characteristic (ROC) analysis (21) to assess the prediction of each adult CVD risk factor from BMI at 7, 11, and 16 y and BMI growth between these ages.
We first calculated the diagnostic sensitivity (probability of true positive) and specificity (probability of true negative) of the IOTF cutoffs for childhood overweight and obesity combined to assess how well they predicted each adult CVD risk factor. We then derived study-specific (ie, internal for the 1958 cohort) cutoffs for identifying individuals with an elevated CVD risk in adulthood. At each age, the optimal cutoff for each CVD risk factor was chosen as the point on the ROC curve that was closest to the (0,1) to achieve the highest combination of sensitivity and specificity (22) . We also calculated j coefficients to assess agreement of the IOTF and internal cutoffs for childhood BMI with adult CVD risk factors (23) .
The area under the ROC curve (AUC) for childhood BMI at each age was calculated to establish whether childhood BMI predicted adult CVD risk factors and to identify the childhood age when BMI best predicted each adult outcome. The AUC is equivalent to the probability of a randomly selected individual from an at-risk group (eg, high CVD risk) having a greater childhood BMI than a randomly selected individual from the nonrisk group (21) . The closer the AUC is to 1, the better the prediction, whereas a 95% CI for AUC that includes the value of 0.5 is considered to have no predictive value. ROC curves (sensitivity compared with 1 2 specificity) for predicting adult obesity were plotted for all possible cutoff points for childhood BMI ( Figure 1 ) to enable direct comparison of the predictive values of BMI at 7, 11, and 16 y.
Internally derived cutoffs for BMI gains between childhood ages were also obtained by maximizing the total of sensitivity and specificity for each adult CVD risk factor. The AUC was computed for changes in BMI between 7 and 11 y and between 11 and 16 y to establish whether rate of BMI growth predicted adult outcomes and to identify the period when BMI growth best predicted adult outcomes. Individuals were classified according to cutoffs for BMI gains for each CVD risk factor. ROC curves for predicting adult obesity were plotted for all possible cutoff points for BMI gains ( Figure 2 ).
For those remaining in the study at 45 y (n = 9377), 364 individuals had no childhood BMI measure, 9013 had one or more BMI measures, and 4873 had all 3 BMI measures. We applied multiple imputation (10 cycles) to impute missing childhood BMI at each age. Given that outcomes were CVD risk factors at one age in midadulthood, imputation was conducted cross-sectionally for childhood BMI at each age. We created 20 complete data sets. The imputation model included birth weight, BMI, parental BMI, childhood social class, cognitive ability, and behavior scores. For each adult CVD risk factor, the combined odds ratio (OR) and 95% CI (childhood BMI above the cutoffs compared with that below the cutoffs) and combined AUC (95% CI) for childhood BMI at each age estimated from imputed data sets (24) were similar to those obtained from the restricted sample with observed data (data not shown). Hence, the analyses presented were restricted to individuals with information on the adult CVD risk factor and BMI measure for each model. For the prediction of lipid concentrations, we repeated the analyses excluding individuals taking lipid-regulating medication (n = 187). The results were found to be similar to those of the main analyses (data not shown). The analyses were performed by using STATA 10 for Windows (Stata Corp, College Station, TX).
RESULTS
Summary statistics for childhood BMI and CVD risk factors at 45 y of age are provided in Table 1 . On the basis of the IOTF cutoffs, 6.3-10.5% of the cohort members were classified as overweight or obese between the ages of 7 and 16 y. At age 45 y, 74.9% of men and 56.2% of women were overweight or obese. Obesity, hypertension, and high triglyceride and LDL-cholesterol concentrations were the most common CVD risk factors at 45 y. The sensitivities and specificities and j coefficients of the IOTF and internally derived cutoffs and AUCs (95% CIs) for predicting adverse adult CVD risk factors from childhood BMI are shown in Table 2 .
IOTF cutoffs
The IOTF cutoffs for childhood BMI (overweight and obesity combined) provided high specificities, but very low sensitivities, FIGURE 1. Receiver operating characteristic curves for predicting obesity at 45 y of age from BMI at 7, 11, and 16 y (males and females combined). AUC, area under the curve. FIGURE 2. Receiver operating characteristic curves for predicting obesity at 45 y of age from BMI changes at 7-11 and 11-16 y (males and females combined). AUC, area under the curve. for predicting adult CVD risk factors (Table 2) . For adult obesity, the specificities ranged from 94.8% to 95.9%, which indicated that only a small proportion (4.1-5.2%) of nonobese adults were classified as overweight/obese as a child. The respective sensitivities ranged from 15.3% to 24.8%, which indicated that a substantial proportion of obese adults (75.2-84.7%) were classified as nonoverweight as a child. Similarly, only 3.7-4.8% of individuals who were not abdominally obese at 45 y were classified as overweight/obese in childhood, whereas 81.0-87.0% of abdominally obese adults were classified as nonoverweight as a child. For type 2 diabetes risk, the high specificity of IOTF cutoffs (92.0-92.8%) indicates that only 7.2-8.0% of adults with low diabetes risk were classified as overweight/obese as a child, whereas the low sensitivity (15.9-31.5%) indicates that most (68.5-84.1%) of those at high risk of diabetes in adulthood were classified as nonoverweight in childhood. Similarly, the specificities for IOTF cutoffs were high (91.6-93.1%) for other CVD risk factors, such as hypertension and lipid concentrations, and the sensitivities were relatively low (7.1-14.6%) ( Table 2) .
Study-specific cutoffs
Internally derived childhood BMI cutoffs for each adult risk factor provided lower specificities than did the IOTF cutoffs, but improved sensitivities and j coefficients ( Table 2 ). For predicting adult obesity, the specificity and sensitivity for the optimal cutoffs ranged from 61.8% to 70.6% and from 61.5% to 67.3%, respectively (Table 2 ). For example, 29.4% of nonobese adults were identified as at risk, and 32.7% of obese adults were not identified with the use of internal cutoffs for age 16 y. By definition, internal cutoffs had a higher combination of sensitivity and specificity than did IOTF cutoffs (eg, 137.9 compared with 120.7 for BMI at 16 y) and a slight improvement in the j coefficient (0.31 compared with 0.26). Similar cutoffs were 
Childhood BMI and adult CVD risk factors
Of all the CVD risk factors, childhood BMI best predicted adult obesity, followed by a high risk of type 2 diabetes. The AUC increased with childhood age, and BMI at 16 y was the best childhood predictor of adult obesity. However, the increase in AUC was greater between 7 and 11y than between 11 and 16 y ( Table 2 ). This is evident in Figure 1 , which shows a greater increase in height of the ROC curve between 7 and 11 y for the prediction of adult obesity from childhood BMI. Thus, the prediction from BMI at age 11 y (AUC: 0.72; 95% CI: 0.71, 0.73) was greater than that from age 7 y (AUC: 0.65; 95% CI: 0.64, 0.67). Similarly, for diabetes risk, prediction increased incrementally with childhood age from BMI at 7 y (AUC: 0.59; 95% CI: 0.54, 0.63) to 16 y (AUC: 0.68; 95% CI: 0.63, 0.72) ( Table 2 ). This pattern of increased prediction with increasing childhood age was seen also for adult overweight and abdominal obesity. Childhood BMI was a weak predictor of adult hypertension and adverse lipid concentrations ( Table 2) .
BMI growth
Large increases in BMI between childhood ages predicted adult obesity and elevated risk of type 2 diabetes, but were modest predictors of adult hypertension and adverse lipid concentrations ( Table 3) . For the prediction of adult obesity, the AUC was greater for BMI increases between 7 and 11 y (0.65; 95% CI: 0.64, 0.67) than for those between 11 and 16 y (0.59; 95% CI: 0.57, 0.61), which is shown in Figure 2 . This pattern was also evident for j coefficients (0.21 compared with 0.16) ( Table 3 ). The increases in sensitivity and specificity of the cutoffs for BMI at 7-11 y (1.26 for boys and 2.26 kg/m 2 for girls) were 56.3% (95% CI: 53.8%, 58.8%) and 68.1% (95% CI: 66.7%, 69.4%), respectively. This indicates that 31.9% of nonobese adults were classified as having large BMI gains between 7 and 11 y, and 43.7% of obese adults were classified as having a BMI gain below the threshold. BMI gains during the 2 childhood periods predicted an elevated risk of type 2 diabetes (AUC: 0.64 for age 7-11 y and 0.60 for age 11-16 y). However, the j coefficients were very low (0.03-0.04), possibly because of a much lower prevalence of adults with diabetes risk (3%) than of those with childhood BMI gains above the threshold (.30%).
DISCUSSION
Childhood BMI predicted CVD risk factors in midadulthood, particularly obesity and a high risk of type 2 diabetes. The prediction improved with increasing childhood age. In this population born in 1958, prevalence of overweight/obesity was relatively low in childhood (,11%) by today's IOTF cutoffs, but was high in adulthood (56-75%). Prediction of adult nonobese status from IOTF cutoffs was high (.95%), but was low for adult obesity (,25%). Optimal cutoffs derived specifically for this population had higher sensitivities than did IOTF cutoffs, but had generally lower specificities. The low level of the cutoffs identified a large proportion of children and differed across adult CVD risk factors (.38% for predicting adult obesity; .23% for diabetes risk). Thus, the utility of our study-specific cutoffs for identification of children at high risk of adult CVD outcomes is limited. Accelerated BMI gains in childhood, particularly at 7-11 y of age, predicted adult risk factors, notably adult obesity and type 2 diabetes risk. Yet, BMI gains did not improve the prediction of outcome beyond BMI at one childhood age, eg, for adult obesity (AUC: 0.59-0.65 compared with 0.65-0.75). Overall, the prediction of adverse CVD risk profiles in midadulthood from childhood BMI and BMI gain was modest for adult obesity (AUC 0.75) and elevated type 2 diabetes risk (AUC 0.68) but was weak for hypertension and adverse lipid concentrations (AUC 0.57).
Several studies have examined associations between childhood BMI and adult CVD risk factors (25) (26) (27) (28) . Few have explored the classification of childhood BMI and BMI gains in relation to adult outcomes (10, 11) . To date, there is no accepted definition of excess BMI for children that is linked directly to adult outcomes. IOTF cutoffs are derived by using adult BMI thresholds of 25 and 30 (7) , which are good indicators of adverse adult outcomes, although underweight has also been associated with increased mortality risk (29) . IOTF cutoffs are particularly useful for monitoring trends and comparing prevalence between populations (30), but have yet to be thoroughly evaluated for obesityrelated adult outcomes in populations with different levels of fatness. Other recommend cutoffs include population 85th and 95th percentiles from national BMI distributions for age (31) , although these are not biologically based, ie, are not related to later morbidity.
The large population-based 1958 cohort study had several strengths: the long follow-up over 4 decades and multiple adult CVD risk factors provide a rare opportunity to assess obesityrelated outcomes. The availability of BMI measures, spanning prepuberty and adolescence, allows prediction from different childhood ages and the interval between them. Potential study limitations include the relative rarity at 45 y of clinical outcomes; we therefore used CVD risk factors to indicate a high risk of later outcomes. In relation to specific risk factors, hypertension based on casual BP readings is not equivalent to a clinical definition, but nevertheless predicts subsequent CVD mortality (32, 33) . Nonfastingblood samples taken at different times of the day may also have been a limitation. HDL cholesterol has been shown to be unaffected by fasting status, but triglycerides are lower in nonfasting samples (34) and vary by fasting duration and time of day (35) . In our study, males who had their last meal ,4 h previously had an increased risk of elevated triglycerides; nonetheless, associations with childhood BMI were unaltered by adjustment for time of last meal or blood collection (data not shown). Evidence from elsewhere suggests that a nonfasting triglyceride measure is useful for our purpose, given its positive correlation with fasting measures; associations with CHD do not vary by fasting status (36) , and a nonfasting measure was a risk factor for CVD (37, 38) . We lack early postnatal BMI measures and are unable to explore the prediction of adult outcome from early catch-up growth (39) (40) (41) . Loss to follow-up may affect the validity of inferences drawn from longitudinal studies, although we found small differences in mean childhood BMIs between respondents and nonrespondents at 45 y of age. Sensitivity analyses using multiple imputation confirmed similar associations of childhood BMI with adult CVD risk factors.
Of all risk factors considered, childhood BMI best predicted adult obesity. Obese children in this cohort were more likely to become obese adults (2) . As shown in other studies (9, 10), we showed that IOTF cutoffs provided high specificity and low sensitivity for the prediction of adult obesity, ie, low falsepositive but high false-negative rates: almost all children identified (.95%) became obese adults. Importantly, most obese adults were not identified by IOTF cutoffs (75% at 16 y). Elevated risk of type 2 diabetes in adulthood was also predicted from childhood BMI; in this cohort, participants at risk had a higher average BMI than did others from 7 y (42), as evident here also. Compared with childhood BMI, adult BMI better predicted CVD risk factors. For risk of type 2 diabetes and hypertension, the AUC was greater for BMI at 45 y (0.74 and 0.66, respectively) than for BMI in childhood (0.68 and 0.54, respectively). Whereas prediction of adult risk factors from childhood BMI may have been partly due to BMI tracking to adulthood (43) , accelerated BMI gains in childhood, prepubertal gain in particular, predicted risk factors, such as adult obesity and diabetes. Progression of childhood obesity into adulthood has been associated with early development of type 2 diabetes and CVD (44) , which suggests that pathogenic processes in the development of such conditions start in childhood (1) . Others have suggested that childhood obesity is a strong predictor of syndrome X (27), although we found a poor prediction of hypertension and lipid concentrations from childhood BMI. Pathways through which childhood BMI links to adult CVD risk factors require further elucidation.
IOTF cutoffs were developed from more recent samples from 6 countries (7); thus, the BMI distributions do not reflect those for the 1958 cohort, who grew-up in the 1960s-1970s when the prevalence of childhood overweight/obesity by the IOTF cutoffs was relatively low. However, this generation has a high prevalence of adult obesity (and related CVD risk factors, such as hypertension) after accelerated BMI gains in early adult life, because they experienced the obesity epidemic (45) . In such instances, IOTF (or other more extreme) cutoffs cannot identify more than a minority of those who are obese in adulthood. Yet, they may better predict future health risks for current generations of children who are experiencing the obesity epidemic earlier in their life.
Ideally, BMI cutoffs should have both high sensitivity and specificity: these can only be established from population-based studies such as ours. However, for cutoffs to be useful, they should be applicable elsewhere. Compared with IOTF cutoffs, less extreme internal cutoffs have advantages, particularly for improved sensitivity. However, decisions regarding the appropriateness of alternative cutoffs should take into account the relative consequences of false-negative and -positive results. For relatively prevalent adult obesity, lower cutoffs provide higher sensitivity to identify children at risk and to target not only children in the top end of the BMI distribution, but also children with relatively higher body size. The internal cutoffs maximize the sum of sensitivity and specificity, thereby minimizing the total of false-positive and false-negative results, which may be desirable for public health interventions.
However, this study had some limitations. Improved sensitivity has the trade-off of a relatively lower specificity; thus, more nonobese adults would be classified as "at risk" in adolescence (29.4% compared with 4.1% from IOTF). BMI cutoffs differ across adult outcomes (15.6-17.6 at 7 y, 16.2-20.5 at 11 y, and 19.3-24.3 at 16 y), which leaves a wide margin of ambiguity for appropriate cutoffs. Most importantly, percentages identified are large, eg, 38-44% of the child population for adult obesity. This has implications for policy and intervention, because many individuals without elevated adult risk factors would be incorrectly identified (ie, the cost of false-positive results). Alternative points on the ROC curve (eg, point of contact with the maximum slope: 45°tangent to the curve) were explored in our data, and they had a sensitivity and specificity similar to those presented here (cutoffs maximize sum of sensitivity and specificity) for predicting adult overweight and obesity, but were lower for other risk factors and identified more children (.40%).
In conclusion, the prediction of adult CVD risk factors from childhood overweight and obesity was modest in a population experiencing rapid changes in obesity prevalence. For most CVD risk factors, the j statistics were ,0.20, and the AUCs were close to 0.50. Neither the IOTF cutoffs nor our study-specific cutoffs were adequate diagnostic tools, although for different reasons: the IOTF cutoffs had a low sensitivity, and the studyand outcome-specific cutoffs identified large populations. Our findings argue for population-level approaches to the prevention of adult CVD risk.
